Interleukin-3 (IL-31 stimulates colony formation of multiple lineages of hematopoietic cells. Bone marrow cells of A/J mice are nonresponsive to IL-3, and this observation has recently been correlated with aberrant mRNA splicing and impaired expression of the IL-3 receptor a subunit (IL-BRa). a binding component of the high-affinity receptors. We examined the IL-3Ra gene in 27 inbred mouse strains and found the identical mutation, a 5-bp deletion at the branch point of intron 7, in 10 of these mouse strains. Bone marrow cells isolated from these 10 mouse strains did not express stimulates the formation of multi-lineage colonies from primitive hematopoietic progenitors as well as lineage-committed cells. These cell types include granulocytes, macrophages, megakaryocytes, erythroid cells, and mast cells.'.' Thus, IL-3 is also known as a multi-colony-stimulating factor. Colony formation of bone marrow (BM) cells in response to IL-3 is synergistically enhanced by other cytokines including IL-6, stem cell factor (SCF), and macrophage colony-stimulating factor (M-CSF).3-7 Granulocyte-macrophage CSF (GM-CSF) exhibits activities similar to IL-3.' In contrast, IL-5 has a narrow target cell specificity and mainly stimulates eosinophil^.^,^ Interestingly, IL-3, GM-CSF, and IL-5 induce almost identical biochemical responses in their common target cells."
GM-CSF with the respective a receptor subunit of each cytokine, whereas plLl forms a high-affinity receptor only with the IL-3Ra. Thus, there are two distinct high-affinity IL-3 receptors in the mouse, but no significant difference has been found in their binding properties or signaling."
The p subunits play an essential role in signal transduction and by sharing the common 0 subunit IL-3, IL-5 and GM-CSF exhibit common biologic activities. 15 The three a subunits for IL-3, IL-5, and GM-CSF are structurally similar and appear to be functionally equivalent. The difference among the three cytokines is likely caused by the difference of expression patterns of the three a subunits, ie, IL-3Ra is expressed widely in hematopoietic cells ,whereas IL-5Ra is restricted to eosinophil^.^^" This notion is further supported by the finding that IL-5 displays multi-CSF activity indistinguishable from IL-3 in the BM cells of the transgenic mice that express IL-5Ra ubiquitously. 16 The physiologic role of these hematopoietic cytokines in normal hematopoiesis still remains to be studied. Interest- IL-3Ra on the cell surface and did not form colonies in response to IL-3. Because the defective IL-3Ra gene was found in several distantly related mouse strains, it appears to be a recessive allele rather than a sporadic mutation. In contrast, only 1 of 21 wild-derived mouse strains carried the 5-bp deletion in the IL-3Ra gene. This study suggests that IL-3 function is not required for normal hematopoiesis in mice, but the retention of the IL-3 and IL-3R system may be of some selective advantage in wild populations.
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ingly, Morris et a17 discovered that BM cells from an inbred mouse strain, A/J, were incapable of forming colonies in response to IL-3. Recently we found that the expression level of IL-3Ra but not p is significantly reduced in the A/ J m o~s e . '~ The mouse IL-3Ra gene is composed of 12 exons in an approximately 10-kb genomic region of chromosome 14.Ix Molecular characterization of the IL-3Ra gene and its transcript in the A/J mouse showed a 5-bp deletion in intron 7.17 The deletion eliminates the consensus sequence of branch points for RNA splicing and causes an aberrant splicing of IL-3Ra, resulting in production of a shorter form of IL-3Ra that is not transported to the cell surface. We have confirmed that this deletion is responsible for the defective IL-3 response in A/J using the AXB (A/J X C57BW6) and BXA recombinant inbred strains.17 Intriguingly, not only A/ J but also AKR, RF, and NZB mouse strains were nonresponsive to IL-3.7.19.2" Genetic crossing experiments showed that the defective IL-3 response of A/J and AKR was recessive to the trait of the IL-3-responsive mouse strains and these two strains were in a single complementation group.7 Therefore, we were interested in determining if the IL-3Ra expression was defective in AKR, RF, and NZB mouse strains. In this study, we present data showing that these three IL-3-nonresponder strains carry the identical 5-bp deletion in the IL-3Ra gene as A/J. Furthermore, extensive analysis of inbred mouse strains shows that this defective IL-3Ra gene is widely distributed in laboratory mice.
MATERIALS AND METHODS
Mice and genomic DNAs. A11 inbred mouse strains were obtained from The Jackson Laboratory (Bar Harbor, ME). Adult (8 to 10 weeks old) female mice were used in this study. Genomic DNAs of NJ. C57BU6J. AKWJ, RF/J, NZBlBINJ, and NZWLacJ were isolated from mouse tails as described previously. All other DNAs were purchased from The Jackson Laboratory.
Polymerase chain reaction (PCR) analysis. To amplify the intron 7 of the murine IL-3Ra gene, 1 0 0 ng of genomic DNA from each strain and two primers (STP-44 and STP-23) were used. The primers used are 5'-AACAGATTCCACCATGGCCTCC-3' (STP-44) and 5'-TCTGACCTCGACTTGACCCGG-3' (STP-23). PCR was performed by 3 1 cycles of 94°C for 1 minute, 53°C for 2 minutes, and 72°C for 3 minutes using Pfu DNA polymerase (Stratagene, La Jolla, CA) in the presence of 10% dimethyl sulfoxide. PCR products were digested with Dde I endonuclease and analyzed on 4% NuSieve gels (FMC BioProducts, Rockland, ME). The sequences of the PCR products were determined by Taq DyeDeoxy Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, CA) using STP-44 and STP-23 primers.
Flow-cytometric analysis. BM cells were taken from femurs and erythrocytes were lysed by ammonium chloride buffer (0.1 mol/L NH4CI-0.017 moln Tris, pH 7.2). Cells (10') were stained with anti-IL-3Ra antibody, 5B11, (D. Gorman, T.H., A.M., unpublished results, 1993) or anti-IL-3RO antibody followed by a goat fluorescein isothiocyanate (FlTC)-conjugated antirat lgG antibody as previously described. Fluorescent signals were analyzed by FACScan (Becton Dickinson, San Jose, CA).
ColonyIforming unit (CFU)-GM assay. Nonadherant BM cells were cultured in Iscove's minimum essential medium containing 0.3% agar (Difco, Detroit, MI) and 20% fetal calf serum (FCS) in the absence or presence of recombinant IL-3 (10 nglmL) or GM-CSF (10 ng/mL). Colonies were counted after 7 days of culture.
RESULTS

Analyses of the IL-3Ra gene in 27 inbred mouse strains.
In our previous study" we showed that the IL-3-nonresponsive A/J mouse possesses a 5-bp deletion in intron 7 of the IL-3Ra gene when compared with an IL-3-responsive C57BU6 strain ( Fig 1A) . This deletion genetically cosegregated with the IL-3-nonresponsive phenotype in all recombinant inbred mouse strains between A/J and C57BL16. Because a Dde I restriction site is eliminated in the A/J type (A type) gene by the deletion, the A type IL-3Ra gene can be identified by a PCR of genomic DNA followed by Dde I digestion (Fig IB) . In this analysis, the B-type mice exhibit bands of 153 and 171 bp, whereas the A-type mice show a longer band of 192 bp in addition to the common band of 171 bp. We applied this PCR-based genotyping to examine 27 inbred mouse strains that are commonly used in laboratories. PCR analyses revealed that nine additional strains (C58/J, A/WySnJ, A/HeJ, RF/J, AKWJ, SM/J, BUBBnJ, CE/J, and NZBBINJ) showed the A-type pattern (Fig 2) . Subsequently, the sequences of the PCR fragments from these strains were confirmed to be the A type (data not shown). Remarkably, AKR, RF, and NZB strains, which have been shown to be IL-3-nonresponsive, possessed the A-type defective IL-3Ra gene. The origin and derivation of the 27 inbred mouse strains analyzed are schematically summarized in Fig 3. It is noteworthy that some of the Atype strains are closely related to the B-type strains in their The A-type gene produces an IL-3Ra protein that lacks IO amino acid residues encoded by exon 8. This shorter IL3Ra is localized intracellularly and is not expressed on the cell surface. Based on this finding, the nine A-type strains, including AKR, RF, and NZB, are expected to be deficient in the surface expression of IL-3Ra. As shown in Fig 4, the nine A-type strains were indeed negative in flow cytometrical analyses using an anti-IL-3Ra monoclonal antibody, whereas they all expressed the 0 subunit normally. Impaired IL-3 response of the A-type mouse strains. BM cells from A/J, AKR, RF, and NZB have been shown to be nonresponsive to IL-3 in colony assays. Lack of IL-3Ra appears to be the primary cause of the defective IL-3 response. To confirm that the newly found six additional Atype strains are also IL-3-nonresponsive, we performed the CFU-GM assay using BM cells derived from these mouse strains. As we expected, only a few colonies were formed in the IL-3-containing media, whereas all cells tested responded well to GM-CSF (Fig 5) . Thus, we concluded that all 10 mouse strains are IL-3-nonresponders because of the same genetic change, regardless of their genetic background.
Analyses of the IL-3Ra gene in wild-derived mouse strains. Among 27 inbred mouse strains, we found 10 IL-3-nonresponders (Fig 3) . Thus, mice carrying the A-type gene do not exhibit any obvious disadvantage to survive in laboratory settings. To determine whether the A-type gene is also found in wild mice, we tested 21 wild-derived mouse strains by PCR (Fig 6) . Among 21 wild-derived mouse strains, only one strain, SWCamEiRk, exhibited the A-type pattern. Interestingly, the other SK strain, SWCamEi, carried
For personal use only. on December 29, 2017. by guest www.bloodjournal.org From Fig 2. PCR analyses of the IL-3Ra gene in 27 inbred mouse strains. Genomic DNAs from tails or spleens from various mouse strains (as indicated on top) were subjected to PCR by using STP-44 and STP-23 primers. The PCR products including the intron 7 of the lL3Ra gene were digested with Dde I endonuclease and analyzed by NuSieve gel electrophoresis. Band positions that are specific t o A-type gene and Btype gene are shown by arrows.
the normal B-type gene. According to the literature, SW CamEiRk and SWCamEi sublines originated from the same sibling mating pair and were separated at F19 in the laboratory," indicating that the A-type IL-3Ra gene was fixed at that time but did not appear in wildlife. Although sensitivity of the A-type mice to chemicals and pathogens present in natural environment has to be examined, this result may indicate that the IL-3R system has some role in self-defense against infection. possibly through inflammatory hematopoiesis triggered by IL-3 produced from activated helper T cells.
DISCUSSION
Previous work has shown that the a and / 3 subunits of high-affinity IL-3R are required for IL-3-mediated cell proliferation." In BM cells from the IL-3Ra-defective A/J mouse, the number of high-affinity IL-3Rs significantly decreased and became IL-3-nonresponsive, suggesting that a certain level of surface expression of IL-3Ra is required for IL-3 signaling in hematopoietic cells. We could exclude the possibility that a second gene is involved in this phenotype for the following reasons. First, it has been shown that a single gene which is located in the IL-R3a locus of chromosome 14 is linked to the impaired IL-3 response in the A/J mouse in a recessive manner based on the genetic segregation of the defect in recombinant AXB and BXA inbred strains." Second, as we show in this study, not only A/J but also nine other inbred mouse strains possess the identical deletion in the IL-3Ra gene, which caused the poor response to 1L-3. These results strongly indicate that the IL-3Ra gene is the primary responsible gene for the poor IL-3 response. As is discussed below, a second mutation in the IL-3Ra gene in addition to the 5-bp deletion in intron 7 cannot be ruled out completely because the A-type defective gene appears to be a preexisting allele rather than a spontaneous mutation. However, we have not found any other mutations in A/J-derived IL-3Ra cDNA nor a significant difference in the expression level of IL-3Ra mRNA between BM cells from A/J and CS7BW6.
An extensive search for commonly used inbred mouse strains uncovered that the A-type IL-3Ra gene is distributed in many strains which have a weaker phylogenic relationship (Fig 3) . Interestingly, some of the mice with the A-type IL3Ra gene share a genetic background with strains with the B-type gene. A/J and BALB/cJ are examples of this case. Sequencing of the coding region of IL-3Ra cDNAs derived from A/J and BALB/cJ showed the presence of two identical single-bp changes at 477 and 1021 nucleotide position compared with that of C57BU6. These common polymorphic base changes in A/J and BALB/cJ lend proof to their genetic relationship. Nevertheless, A/J has the A type IL-3Ra gene whereas BALB/cJ has the B type. Likewise, according to the literature, C57BU7 and C5WJ originated from the same male mouse." However, again the A-and B-type genes were separated and fixed by generations of sib mating. NZB and NZW strains seem to be a similar situation. Is the gene locus around the 5-bp deletion a hot spot for recombination? This is unlikely because the surrounding DNA sequence by computational search did not contain any repetitive elements, retroviral sequences, or hairpin roop structures. As has been found for many alleles present in sublines of inbred mouse, it is more likely that the A-type IL-3Ra gene is a recessive allele. Because mice carrying the A-type IL-3Ra gene are totally normal in their development, fertility, aging, and behavior, they have not been eliminated in the mouse colony since the gene was fixed.
The apparently normal phenotype of the mice with the Atype gene including normal hematocrit suggests that the IL-3/IL-3R system is not indispensable for physiologic function in mice. Although A/J and AKR mouse strains are known for a high spontaneous incidence of lung adenomas and leukemias, respectively, some of the other eight strains do not exhibit such phenotypes.'' In particular, the RF strain that For personal use only. on December 29, 2017. by guest www.bloodjournal.org From is genetically related to AKR is not a high-leukemia strain. Thus. there is no evidence to show a requirement of a specific function of the IL-3nL-3R system in vivo. However, the fact that no A-type gene was found in wild mice we examined may be indicative of a potential involvement of the IL-3/IL-3R system in wildlife. Further work, including the disruption of the IL-3 and IL-3RD subunits, would address this issue.
Pleiotropy and redunduncy are fundamental features of the cytokine network. For example, the targetted disruption of the GM-CSF gene did not have a significant effect on hematopoiesis.".'" Perhaps other cytokines with similar function, such as IL-3, substitute the funtions of GM-CSF. The apparently normal phenotype of the mice with the defective IL-3Ra gene may be caused by funtional overlap of IL-3 with other cytokines such as GM-CSF. It should be noted that the mice with the A-type gene still express a certain level of the normal IL-3Ra and IL-3 synergistically stimulates colony formation by either M-CSF or SCF. In the case of SCF, the basis of the synergy was not a simple upregulation of the IL-3Ra by SCF (M.I., T.H., A.M., unpublished results, 1994). Possibly a signal through a limited number of the high-affinity IL-3R, which itself is not sufficient to trigger the downstream signaling cascades, is compensated by signals delivered by others such as SCF. Hence, the mice with the A-type gene could overcome the impaired IL-3R-mediated signaling pathway for hematopoiesis by using such synergistic action of other cytokines. To better understand the role of IL-3 in hematopoiesis, complete disruption of the IL-3 gene or the IL-3Ra gene would be useful.
